Transmission of pain signals from primary sensory neurons to secondary neurons of the central nervous system is critically dependent on presynaptic voltage-gated calcium channels. Calcium channel-binding domain 3 (CBD3), derived from the collapsin response mediator protein 2 (CRMP2), is a peptide aptamer that is effective in blocking N-type voltage-gated calcium channel (Ca V 2.2) activity. We previously reported that recombinant adeno-associated virus (AAV)-mediated restricted expression of CBD3 affixed to enhanced green fluorescent protein (EGFP) in primary sensory neurons prevents the development of cutaneous mechanical hypersensitivity in a rat neuropathic pain model. In this study, we tested whether this strategy is effective in treating established pain. We constructed AAV6-EGFP-CBD3A6K (AAV6-CBD3A6K) expressing a fluorescent CBD3A6K (replacing A to K at position 6 of CBD3 peptide), which is an optimized variant of the parental CBD3 peptide that is a more potent blocker of Ca V 2.2. Delivery of AAV6-CBD3A6K into lumbar (L) 4 and 5 dorsal root ganglia (DRG) of rats 2 weeks following tibial nerve injury (TNI) induced transgene expression in neurons of these DRG and their axonal projections, accompanied by attenuation of pain behavior. We additionally observed that the increased Ca V 2.2α1b immunoreactivity in the ipsilateral spinal cord dorsal horn and DRG following TNI was significantly normalized by AAV6-CBD3A6K treatment. Finally, the increased neuronal activity in the ipsilateral dorsal horn that developed after TNI was reduced by AAV6-CBD3A6K treatment. Collectively, these results indicate that DRG-restricted AAV6 delivery of CBD3A6K is an effective analgesic molecular strategy for the treatment of established neuropathic pain.
Introduction
Neuropathic pain following peripheral nerve injury is a devastating problem with limited effective analgesic options, and therefore represents a major unmet health challenge [1, 2] . A common feature of various neuropathic pain conditions is hyperexcitability of pain-signaling primary sensory neurons whose cell bodies are localized in the dorsal root ganglia (DRG) and augmented pain signal transmission at spinal cord level [3] [4] [5] . It is well established that N-type calcium channels (Ca V 2.2) in nociceptive primary sensory afferents mediate neurotransmitter release at central terminals, including those involved in the increased pain neurotransmission of spinal cord dorsal horn (DH) nociceptive networks [6, 7] . Upregulation of Ca V 2.2 in primary sensory neurons contributes to neuropathic pain in multiple models [4, [8] [9] [10] . For these reasons, Ca V 2.2 channels are major targets of ongoing pharmaceutical research [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
The calcium channel-binding domain 3 (CBD3) is an analgesic peptide aptamer composing of 15 amino acids derived from the collapsin response mediator protein 2 (CRMP2) [21] [22] [23] . CRMP2 interaction with Ca V 2.2α1b, the pore-forming subunit of Ca V 2.2 channels, at the presynaptic afferent terminals promotes neurotransmission, and CBD3 can interrupt this process by interfering with the CRMP2-Ca V 2.2α1b interaction [21, 24] . Application of CBD3 in vivo attenuates pain behaviors in animal models by reducing inward Ca 2+ currents through the Ca V 2.2α1b subunit via block of its binding to CRMP2 [25, 26] . While effective in providing pain relief, the therapeutic potential of systemic application of CBD3 can be compromised by its short half-life and undesired effects due to broad blockage of the multifunctional Ca V 2.2 channels that are distributed throughout the entire body, especially in the central nervous system (CNS) [27] . Since CBD3 exerts its anti-nociceptive effect at the presynaptic terminals of primary sensory neurons [21, 22, 25, 28] , we reasoned that restricting distribution of CBD3 to the primary sensory neurons would represent a safer approach to pain therapy. Our previous findings showed that, when delivered prior to nerve injury, recombinant adeno-associated viral (AAV)-mediated expression of CBD3 peptide isolated to the peripheral sensory nervous system prevents the development of pain hypersensitivity after peripheral nerve injury [29] . This supports the potential utility of this approach for prophylactic pain therapy. However, whether this targeted genetic therapeutic strategy is efficacious in the more clinical relevant setting of established pain has not been investigated.
A previous study has demonstrated that the CBD3A6K peptide, an optimized variant of the parental CBD3 made by replacing A to K at position 6 of CBD3 peptide, is conformationally rigid compared to original CBD3, thus allowing for a more stable and potent block of Ca V 2.2 activity, with greater anti-nociception in pain models [30] . In this study, we constructed a new AAV2/6-EGFP-CBD3A6K vector (AAV6-CBD3A6K) expressing a fluorescent CBD3A6K, which was delivered into the lumbar (L) 4 and 5 DRG after establishment of neuropathic pain. This treatment experimental design is to test the ability of anatomically targeted genetic functional disruption of Ca V 2.2 channels in the reversal of established neuropathic pain.
Results
Tibial Nerve Injury (TNI) upregulates Ca V 2.2α1b protein levels in the DRG and spinal cord superficial dorsal horn
In the first series of experiments, the expression of Ca V 2.2α1b was investigated in the L4 and L5 DRG and the corresponding lumbar spinal cord levels by immunoblots and immunohistochemistry (IHC), comparing TNI and control samples. We have previously documented Ca V 2.2α1b immunopositivity in rat DRG sections by IHC using a rabbit polyclonal antibody that is raised against a synthetic peptide corresponding to human Ca V 2.2α1b (amino acids 1857-1950 that have 94% identity to rat Ca V 2.2α1b sequence). In our present immunoblot experiments, the antibody revealed a clean band around~230 KDa as the target protein of Ca V 2.2α1b in the homogenates prepared from adult rat brain cortex, and preincubation with excess immunogenic peptide eliminated this band in immunoblot (Fig. 1a) , which supports the specificity of this antibody for detecting the Ca V 2.2α1b protein expression in rat tissues by immunoblot.
We next quantified Ca V 2.2α1b by immunoblots that separately examined the plasma membrane fraction (PM), identified by enrichment with the sodium/potassium ATPase 1 alpha (NKA1α), compared to the NKA1α-deficient soluble fraction, hereafter referred to as the cytosolic fraction. These were extracted from the pooled L4/L5 DRG tissues followed by immunoblotting of Ca V 2.2α1b protein levels in these fractions. Immunoblot analysis of Ca V 2.2α1b levels in DRG revealed Ca V 2.2α1b protein in both PM and cytosolic fractions (Fig. 1b, c) . Four weeks after TNI, Ca V 2.2α1b protein levels were significantly increased in both the PM and the cytosolic fractions, when compared to the corresponding fractions from contralateral DRG (Fig. 1b-d) . Increased CRMP2 protein level was also detected in the cytosolic and PM fractions ipsilateral to TNI, compared to controls (Fig. 1b-d ). In accordance with these findings, immunohistochemistry revealed an increased profile of Ca V 2.2α1b expression in the TNI-L5 DRG sections compared to controls (Fig. 1e, h) .
A line scan function of ImageJ software (http://imagej. nih.gov/ij) was used to compare the alteration of Ca V 2.2α1b immunofluorescent intensity in the ipsilateral vs. contralateral sides of the spinal cord dorsal horn (DH) after TNI [31] . The superficial DH laminae I and II were identified by CGRP and IB4 staining and the border between laminae II and III was identified by staining for protein kinase Cγ (PKCγ), which labels neurons and dense plexus of dendrites of lamina II/III border (Fig. 2a, b) [32, 33] . The average line scan length from the dorsal root entry zone (DREZ) depth to the PKCγ labeled lamina II/III border measured from the cross-sections of lumbar spinal cord (SC) from naïve rats was about 250 μm and defined as the superficial DH, and scan depth from 250 μm onward deeper to 500 μm was arbitrarily defined as the deep DH layers, likely including lamina III-V (Fig. 2c) . This DH depth definition by a line scan is similar to a previous report [9] . In the lumbar SC, IHC showed symmetrical Ca V 2.2α1b immunopositivity concentrated in the superficial DH in control rats (Fig. 2d, f) . After TNI, an increased profile of Ca V 2.2α1b staining on the ipsilateral side was evident (Fig. 2e, g ). Comparing the peak intensity of ipsilateral Ca V 2.2α1b staining (found in the region from DREZ to PKCγ-labeled laminae II inner edge, IIi) normalized against contralateral intensity measured in the same way showed a significant elevation of this ratio 4 weeks after TNI compared to controls (Fig. 2h) . We further found the auxiliary α 2 δ1 subunit of Ca V 2.2 was upregulated in the ipsilateral DH after TNI (Fig. 2j, k) , which is consistent with prior reports that demonstrated concomitant elevations of α2δ1 and Ca V 2.2α1b protein levels in both the DRG and the central presynaptic terminals following nerve injury or tissue inflammation [4, 20, [34] [35] [36] [37] [38] .
These results indicate that the protein expression of Ca V 2.2 channels in the DRG and spinal cord DH are upregulated following irreversible peripheral nerve injury, which may contribute to the generation of pain after nerve injury [39] .
AAV6-CBD3A6K treatment reverses mechanical and cold hypersensitivity
CBD3A6K peptide is an optimized variant of the parental CBD3, made by replacing A to K at position 6 of CBD3 peptide (Fig. 3a) . We used a high-throughput approach, probing peptide arrays (~300 peptides) of systematic single site mutants of CBD3 coupled with assessment of binding to Ca V 2.2 using a far-Western technique. This limited mutational scans of the CBD3 peptide identified three peptides with point mutations at positions 6 (A6K), 9 (R9L), and 14 (G14F) with greater binding to Ca 2+ channels than the parent CBD3 peptide [30, 40] . The CBD3A6K peptide resulted in~80% reduction in capsaicin-evoked blood flow [40] , compared to the parental CBD3 peptide which decreased the response to capsaicin by~64% at similar concentrations [21] . Molecular dynamics simulations revealed a greater propensity of the CBD3A6K to undergo conformational changes implying that this mutant peptide may sample alternative conformational states that are more inclined to bind to the calcium channel and inhibit its interaction with CRMP2 [30] .
We next tested whether AAV-mediated CBD3A6K expression selectively in the primary sensory neurons could reverse established neuropathic pain following peripheral nerve injury. We generated AAV vectors expressing EGFP-CBD3A6K or EGFP as the control (Fig. 3b) . AAV was packaged into serotype 6 since we have previously demonstrated that this serotype efficiently transduces full-range of DRG neurons [29, 31, 41] , which not only express Ca V 2.2α1b extensively but also appear to increase Ca V 2.2α1b levels in all sized-neurons after TNI (cf. Fig. 1e, g ). In the , right panel) . The NKA1α-deficient cytosolic fraction and NKA1α-enriched plasma membrane (PM) fraction were extracted from the DRG tissues at 4 weeks after TNI, and subjected to immunoblotting as shown in the representative immunoblots of Ca V 2.2α1b, CRMP2, Tubb3, and NKA1α of cytosol (b) and PM fractions (c), respectively. Bar charts (d) show densitometry analysis of immunoblots. The number in each bar is the number of analyzed DRG per group. *, **, and *** denote p < 0.05, p < 0.01, and p < 0.001, respectively (Two tailed unpaired Student's t-test). Representative montage images show immunostaining of Ca V 2.2α1b (green) and colabeling with NKA1α (red) in the merged image from the DRG sections of control (e, f) and TNI rat (g, h). Scale bar: 100 μm for all IHC images treatment experimental design, the sensitivity to mechanical and cold cutaneous stimulation was assessed prior to and weekly after TNI for 2 weeks. After behavior tests at the 14th day following TNI, rats were randomized to receive intraganglionic vector injection of either AAV6-CBD3A6K or AAV6-EGFP, into both the ipsilateral L4 and L5 DRG. Subsequent sensory behavior evaluation was performed on a weekly basis for an additional 6 weeks, after which tissues were harvested for IHC characterization of transgene and target gene expression, and electrophysiological recordings of DH neuronal activity were obtained (see below). The sensory behavior testing before vector injection at the 14th day after TNI was used to evaluate pain behavior development induced by TNI and also as a pain baseline to compare the efficacy post vector treatment [41] . This was based on our previous observations that pain behavior is fully developed at this 2-week timepoint after TNI and persists for at least 8 weeks [41] . It is reported that nearly all of the sciatic DRG perikaryal reside in the L4 and L5 DRG, so these two DRG ipsilateral to TNI were chosen for treatment [41, 42] . Behavioral evaluations showed that all rats established significant pain behaviors 2 weeks after TNI, which included lowered threshold for withdrawals from mild mechanical stimuli (vF testing, Fig. 4a, b) , more frequent hyperalgesic-type responses (sustained lifting, shaking, grooming) after noxious mechanical stimulation (Pin testing, Fig. 4c, d) , and more frequent withdrawals from cold (Acetone stimulation) (Fig. 4e, f) . These behaviors persisted after injection of the control vector (AAV6-EGFP) during the 6 weeks observation course. In contrast, TNI rats injected with AAV6-CBD3A6K showed gradual reversal of these changes starting about 2 weeks after treatment (Fig. 4) Ratio o f I/C peak intensity (au) Fig. 2 Ca V 2.2α1b protein expression is significantly increased in the lumbar DH following TNI. PKCγ colabeling with CGRP (a) or IB4 (b) followed by ImageJ line scan analysis (c) delineates the profiles and length of superficial DH (laminae I and II) and deeper layers of the DH (laminae III and IV). Ca V 2.2α1b immunoreactive (IR) staining (red) in the DH of control animal shows symmetrical intensity (d), which is confirmed by line scans (f). In contrast, Ca V 2.2α1b-IR intensity in the ipsilateral (ipsi.) DH of TNI rats appears increased compared to contralateral (contra.) side (e), which is verified by line scans (g). The effect of TNI is further confirmed by analysis of the ratio of peak intensities (ipsi./contra, h) (Two-tailed unpaired Student's t-test). Numbers in each bar represents the spinal cords analyzed from each group. In parallel, control spinal DH shows symmetrical immunostaining intensity of the Ca V 2.2 auxiliary subunit α2δ1 (Ca V 2.2α2δ1), while the Ca V 2.2α2δ1 level is apparently increased on the ipsilateral side compared to contralateral side in the TNI rat. Scale bar: 100 μm for all IHC images. ** p < 0.01 AAV6-mediated, DRG-targeted CBD3A6K injection has analgesic efficacy in treating established peripheral hypersensitivity in a rat model of neuropathic pain. Notably, sustained analgesic effectiveness was observed for several weeks during the testing course of this study and likely retain longer (Fig. 4 ).
AAV6-CBD3A6K treatment normalizes Ca V 2.2α1b protein level in the ipsilateral DRG and DH of TNI rats
The in vivo transduction rate for AAV6-CBD3A6K at 8 weeks after TNI and 6 weeks following vector injection was determined by IHC as previously reported [26, 31] . EGFP-positive neurons comprised 45% ± 9% of total neuronal profiles (positive for pan-neuronal marker β3-tubulin, not shown) (n = 3 DRG, five sections per DRG). As we have previously shown [31] , transduced DRG neurons included the full size range of the neuronal population that also expressed Ca V 2.2α1b ( Fig. 5a-d) .
Examination of the corresponding SC revealed that EGFP-CBD3A6K fibers terminated throughout the dorsal horn, including in the superficial laminae and in the deeper laminae, as well as in the dorsal columns. No EGFP signal was observed in the intrinsic DH neurons, indicating that AAV did not transverse across synapses (Fig. 5e ). Efficient transgene (EGFP and EGFP-CBD3A6K) expression was also verified by Western blots (Fig. 5f ). Examination of Ca V 2.2α1b protein levels after AAV6-CBD3A6K treatment revealed reduction of the TNI-induced upregulation of Ca V 2.2α1b in the extracted DRG membrane fractions ( Fig. 5g-i ). However, TNI-induced upregulation of CRMP2 in DRG was not affected by vector treatment ( Fig. 5g-i) . Additionally, the injury-induced increase of Ca V 2.2α1b immunostaining in the spinal cord DH was also significantly reversed after AAV6-CBD3A6K treatment (Fig. 6 ). These results indicate that the analgesic effect of CBD3A6K may be due to reduction of Ca v 2.2 channels in the soma membrane and presynaptic terminals of the primary sensory neurons.
AAV6-CBD3A6K treatment normalizes elevated DH neuronal activity in TNI rats
Ca V 2.2α1b is enriched in the central presynaptic terminals of the DH [34] [35] [36] [37] [38] and is the major route for presynaptic Ca2 + entry at this synapse, making it necessary for the transmission of nociceptive impulse trains [43, 44] . Peripheral nerve injury results in Ca V 2.2α1b upregulation at the central presynaptic sites of primary afferents, leading to enhanced excitatory signaling in the spinal cord [4, 20] . Our prior examination of animals with TNI-induced neuropathic pain revealed abnormal activity in neurons within lamina IV-VI area of the DH, including elevated responses to mechanical stimulation of peripheral tissues [41] . We therefore examined the effect of DRG treatment with AAV6-CBD3A6K on firing properties of DH neurons after nerve injury. Extracellular recordings of evoked activity were obtained from anesthetized naïve rats, TNI rats without injection, and TNI rats treated with either AAV6-EGFP or AAV6-CBD3A6K injection into the L4 and L5 DRG. Recordings were performed at a timepoint 8 weeks after TNI and 6 weeks after AAV injection, and focused on the wide dynamic range neurons in laminae IV to VI that were identified by their response to mild and intense mechanical stimuli. These recordings showed the incidence of spontaneous activity was elevated by TNI but was not influenced by vector injections (Fig. 7a) , while the firing frequency of this spontaneous activity was not affected by either TNI nor vector injection (Fig. 7b) . Identification of the mechanical threshold for firing induced by graded mechanical stimulation during 1 s application of von Frey fibers showed sensitization by nerve injury but recovery towards normal thresholds after the injection of AAV6-CBD3A6K (Fig. 7c) . The same change was found using stimulation by a different set of von Frey fibers that were modified by the attachment of 0.1 mm diameter tungsten wire tips to each fiber of the set, in order to produce an area of contact with the skin that did not vary between the fibers with different forces (Fig. 7d) . Action potential generation during 10 s sustained force applications (Fig. 7e) showed elevated firing after TNI, which reverted towards normal when the force was applied with either a standard von Frey fiber (26 g with a 1.1 mm diameter tip; Fig. 7f ), or with a modified von Frey fiber (16 g with a 0.1 mm diameter tip; Fig. 7g ), or during deep mechanical stimulation with an arterial occlusion clamp (Fig. 7h ). There were no effects of injury or vector injection observed on the incidence of afterdischarges (data not shown). 
Discussion
Growing evidence shows that integration of voltage-gated Ca 2+ channels in a network of protein-interactions is a crucial requirement for proper regulation of channel activity [27, 45] . Presynaptic Ca V 2.2 channels, which support synaptic transmission in nociceptive primary sensory neuron axonal terminals, interacts with many other molecules that together comprise the Ca V 2.2 interactome [46] [47] [48] [49] [50] [51] [52] [53] . Among an increasing number of known interaction partners, CRMP2-Ca V 2.2 interaction in the primary sensory neurons and their axonal terminals in the DH has emerged as a critical mechanisms mediating pain signals. Interrupting CRMP2-Ca V 2.2 interactions has been demonstrated to be an effective strategy in treatment of pain [21, 25, 26, 28, [54] [55] [56] . In the present study, we have extended these observations to a mode of delivery using AAV, which is a promising therapeutic approach, as shown by 176 studies currently registered at the United States National Library of Medicine (https://www.niams.nih.gov/ grants-funding/conducting-clinical-research/register-trialsgov). Here, we demonstrate that AAV delivery of the CBD3A6K peptide results in efficient expression in DRG and their central axonal projections, which attenuates sensory hypersensitivity following peripheral nerve injury.
Although our study was not designed to confirm the mechanism of analgesic action, our observation that the elevated Ca V 2.2α1b levels in sensory neuronal membrane and ipsilateral DH after injury were substantially reversed by the AAV-CBD3A6K treatment support a mechanism involved reduced binding of Ca V 2.2α1b, while the observed reversal of injury-induced DH neuronal hyperactivity supports reduced primary afferent nociceptive neurotransmission as a contributing analgesic process. Overall, our results indicate that DRG-restricted delivery of AAV6-encoded CBD3A6K is an effective analgesic molecular strategy for the treatment of established neuropathic pain in rat.
CRMP2 is upregulated after nerve injury and during the axon regeneration that follows [57] [58] [59] . RNA interference of CRMP2 reverses mechanical allodynia induced by peripheral nerve injury in the spare nerve injury (SNI) model [60] , indicating that CRMP2 expression is necessary for neuropathic pain. In the present study, we also found that CRMP2 is significantly upregulated in the DRG following peripheral nerve injury and this is accompanied by significantly upregulated Ca V 2.2α1b in both the injured DRG and in the spinal cord DH. CRMP2 plays a key regulatory role in trafficking of Ca V 2.2α1b into the plasma membrane, and afferent central presynaptic enhanced CRMP2-Ca V after AAV6-CBD3A6K injection. Comparison of the ratios of ipsilateral/contralateral peak intensity (au) in control, TNI only, TNI with AAV6-EGFP injection, and TNI with AAV6-CBD3A6K treatment by ImageJ line scan function was analyzed (f). *, **, and *** denote p < 0.05, p < 0.01, and p < 0.001, respectively (One-way ANOVA with Turkey post-hoc analysis). Scale bar: 100 μm for all IHC images interaction increases the quantity of Ca V 2.2α1b proteins at the membrane surface [21, 24, 28] . Therefore, upregulated CRMP2 may play a central role in pathophysiological upregulation of Ca V 2.2α1b intracellular trafficking, resulting in increased calcium channel activity and neurotransmitter release [24] . Intraganglionic AAV6-CBD3A6K treatment leads to reduction of Ca V 2.2α1b in the DRG neuronal membrane and in the superficial DH. This may indicate that the CBD3A6K analgesic effect is based predominantly on regulating Ca V 2.2α1b trafficking to the sensory neuron membrane rather than Ca V 2.2α1b overall expression.
Our electrophysiological observations show that interruption of CRMP2-Ca V 2.2α1b interactions in primary sensory neurons by AAV6-CBD3A6K treatment reduces injury-induced hyperexcitability of DH neurons in the deep laminae of the dorsal horn during mechanical stimulation. This may well reflect an underlying therapeutic mechanism contributing to the analgesic effect of AAV6-CBD3A6K since the firing activity of these neurons is a feature of various neuropathic pain conditions [61] [62] [63] [64] . Moreover, both CRMP2 and Ca V 2.2α1b are expressed in the entire peripheral nervous system, so it can be posited that analgesic effects of AAV-encoded CBD3A6K expression in primary sensory neurons may also be mediated by disruption of Ca V 2.2α1b function at multiple sites along the entire neuron. Finally, it is also possible that CBD3A6K analgesia stems from interfering with T-type voltage gated Ca 2+ channels, as we and others have reported in the past [29, 30] .
Although our findings demonstrate sustained relief of established neuropathic pain from AAV6-mediated CBD3A6K expression in primary sensory neurons, the efficacy is incomplete. Because increased CRMP2 level in Recording from wide dynamic range neurons in the DH of anesthetized rats shows elevated incidence of spontaneous activity 8 weeks after tibial nerve injury (TNI group) compared to naive animals, and no effects on the incidence of spontaneous activity 6 weeks after vector injection into DRG L4 and L5 of the AAV6-EGFP vector (labeled as the TNI-EGFP group) or the AAV6-CBD3A6K (the TNI-CBD3A6K group) (a). In contrast, the threshold for triggering DH neuronal firing during mechanical stimulation with von Frey fibers (b) is decreased by TNI, and is reversed towards normal by vector injection in the TNI-CBD3 group, while the control vector had no effect (TNI-EGFP group). Similar results are found with mechanical stimulation using von Frey fibers with standardized 0.1 mm tips (c). Firing rates were then measured during 10 s sustained mechanical stimulation (d, sample traces using 26 g von Frey, 1.1 mm tip), which showed increased firing after TNI, with reversal towards normal after treatment in the TNI-CBD3 group (e). Similar effects of sensitization with TNI and reversal by therapeutic vector injection were found using mechanical stimulation with regular von Frey (26 g, 1.1 mm tip, f) and modified von Frey (16 g, 0.1 mm tip; g) or with an arterial compression clamp (h) Numbers in parentheses represents the number of cells recorded. *p < 0.05, **p < 0.01, and ***p < 0.001 (One-way ANOVA analysis of variance with Turkey post-hoc test) the injured DRG persisted after treatment, one of the explanations could be that CRMP2 interacts physically and functionally with multiple molecular nodes that also regulate nociceptive signaling, including sodium channels, sodium-calcium exchanger, and the ligand-gated N-methyl-D-aspartate (NMDA) receptor [65] [66] [67] [68] . CRMP2, which is activated by phosphorylation [69] , is also a physiological substrate for glycogen synthase kinase 3 (GSK3) and cyclin-dependent kinase 5 (Cdk5), two protein kinases that exhibit greater activity in painful neuropathy [70, 71] . Therefore, the efficacy of CBD3A6K analgesia could be constrained by injury-induced CRMP2 elevation via complex mechanisms in the nociceptive interactome besides Ca V 2.2.
For pain gene therapy, it is optimal to have the therapeutic analgesic molecule be delivered only to the pathological tissues and cells [72, 73] in order to reduce the side effects of treatment. DRG are a site in the peripheral somatosensory pathway that is critically involved in the development and maintenance of peripheral nerve injury-induced chronic pain [74] [75] [76] . We have shown in this study that genetically disrupting the Ca V 2.2α1b-CRMP2 interaction, combined with anatomically restricted AAV-mediated delivery to DRG, can offer a primary sensory neuron-specific approach for analgesia in treatment of painful peripheral neuropathy [29, 41] . In addition, DRG injection has a potential advantage of minimizing antibody formation compared with systemic intravenous injection [77] . Therefore, AAV-mediated DRG-targeted delivery of CBD3A6K has potential to be translated into clinical use for treating patients with neuropathic pain, although long-term safety needs to be further investigated.
In summary, our results indicate that AAV6-mediated DRG-restricted CBD3A6K expression in sensory neurons and their central terminals is an effective analgesic molecular strategy for the treatment of established neuropathic pain. Further development of AAV vector carrying chimeric aptamers or aptamer-siRNA chimeras capable of interfering with multiple CRMP2 downstream nociceptive partners may hold substantial value as a therapeutic target for neuropathic pain.
Materials and methods

Animals
Adult male Sprague Dawley (SD) rats weighing 100-125 g body weight (Charles River Laboratories, Wilmington, MA) were used. All animal experiments were performed with the approval of the Zablocki VA Medical Center Animal Studies Subcommittee and the Medical College of Wisconsin Institutional Animal Care and Use Committee (Permit number: 3690-03) in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Animals were housed individually in a room maintained at constant temperature (22 ± 0.5°C) and relative humidity (60 ± 15%) with an alternating 12 h light-dark cycle. Animals were access to water and food ad libitum throughout the experiment, and all efforts were made to minimize suffering. The estimated numbers of animals were derived from our previous experience with similar experiments and the number of experiments needed to achieve statistically significant deviation (20% difference at p < 0.05) based on a power analysis [29, 41] .
AAV vectors
To construct the AAV vector coding a chimeric EGFPCBD3A6K expression cassette, a DNA fragment encoding a 15mer CBD3A6K peptide was synthesized and subcloned into BsrG I/Sal I sites (Genscript, Piscataway, NJ) of a single-strand AAV expressing plasmid pAAV-CMV-EGFP (Cell Biolabs, San Diego, CA), followed by sequencing confirmation. This generated pAAV-CMV-EGFP-CBD3A6K that codes the EGFP-CBD3A6K fusion protein under the transcriptional control of the CMV promoter. Plasmids pAAV-CMV-EGFP-CBD3A6K and pAAV-CMV-EGFP were used to package AAV2/6-EGFP CBD3A6K, and AAV2/6-EGFP as a control (subsequently referred to as AAV6-CBD3A6K and AAV6-EGFP, respectively) for in vivo injection. AAV vectors were produced and purified in our laboratory by previously described methods [31] . This included AAV particle purification by optiprep ultracentrifugation and concentration by use of Centricon Plus-20 (Regenerated Cellulose 100,000 MWCO, Millipore, Billerica, MA). AAV titer was determined by PicoGreen (life technologies, Carlsbad, CA) assay, and final aliquots were kept in 1× phosphate buffered saline (PBS) containing 5% sorbitol (Sigma-Aldrich, St. Louis, MO) and stored at −80°C. The titers of AAV6-CBD3A6K and AAV6-EGFP vectors were 2.01 × 10 13 GC/ml and 2.16 × 10 13 GC/ml, respectively. The same lots of viral preparations were used for all in vivo experiments.
CBD3 and CBD3A6K structure
The coordinates for the fifteen amino-acid fragment were extracted from chain A of X-ray crystal structure of human CRMP2 (PDB ID 5 mkv) [78] . PyMol (PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC) was used to model each peptide using the mutation wizard and choosing the most common rotamer without clashes with adjacent amino acids. The mutated amino acid is shown in red on the peptide structure.
Microinjection of AAV vectors into DRG
AAV vector solution was microinjected into right L4 and L5 DRG using previously described techniques [79] . Briefly, the surgically exposed intervertebral foramen was minimally enlarged by removal of laminar bone. Injection was performed through a micropipette that was advanced 100 μm into the ganglion. Rats received L4 and L5 DRG injections of either AAV6-CBD3A6K or AAV6-EGFP (one vector per rat), consisting of 2 μl with adjusted titers containing a total of 2.0 × 10 10 genome viral particles. Injection was performed over a 5-min period using a microprocessorcontrolled injector (Nanoliter 2000, World Precision Instruments, Sarasota, FL, USA). Removal of the pipette was delayed for an additional 5 min to minimize the extrusion of the injectate. Following the injection and closure of overlying muscle and skin, the animals were returned to the animal house where they remained as the designed experiments required.
Tibial nerve injury (TNI)
To model clinical traumatic painful peripheral neuropathy, we performed a TNI, an established model of peripheral nerve injury [41] . Animals were anesthetized using isoflurane at 4% induction and 2% maintenance. Under anesthesia, the right sciatic nerve was exposed under aseptic surgical conditions by blunt dissection of the femoral biceps muscle. The sciatic nerve and its three branches (sural, common peroneal, and tibial nerves) were isolated. The tibial nerve was then tightly ligated and transected distal to the ligation. The overlying muscle and skin were then sutured following surgery. Sham-operated rats were subjected to all preceding procedures without nerve ligation and transection.
Sensory behavioral testing
Behavioral tests were conducted between 9:00 AM and 12:00 AM. Experimenters were blinded to the treatment. Animals were habituated in individual test compartments for at least 1 h before each testing. Behavioral tests, including mechanical withdrawal threshold testing (von Frey), noxious punctate mechanical stimulation (pin test), and cold stimulation, were carried out as previously described [79] . Von Frey test was performed using calibrated monofilaments (Patterson Medical, Bolingbrook, Illinois). Briefly, beginning with the 2.8 g filament, filaments were applied with just enough force to bend the fiber and held for 1 s. If a response was observed, the next smaller filament was applied, and if no response was observed, the next larger was applied, until a reversal occurred, defined as a withdrawal after a previous lack of withdrawal, or vice versa. Following a reversal event, four more stimulations were performed following the same pattern. The forces of the filaments before and after the reversal, and the four filaments applied following the reversal, were used to calculate the 50% withdrawal threshold [80] . Rats not responding to any filament were assigned a score of 25 g. Punctate mechanical hyperalgesia (Pin test) was determined by gently applying the point of a 22 g spinal anesthesia needle to the center of plantar surface of the hindpaw without penetrating the skin. Five applications were separated by at least 10 s, which was repeated after 2 min, making a total of 10 touches. For each application, the induced behavior was either a very brisk, simple withdrawal with immediate return of the foot to the cage floor, or a sustained elevation with grooming that included licking and chewing, and possibly shaking, which lasted at least 1 s. This latter behavior, termed a hyperalgesic response, is specifically associated with place avoidance [81] . Hyperalgesia was quantified by tabulating hyperalgesia responses as a percentage of total touches. Cold stimulation was performed by expelling acetone from a syringe attached to PE220 tubing to make a meniscus that was touched to the plantar surface of the hind paw, such that the drop spread out on the plantar surface of the paw without contact of the tubing to the skin. Each hind paw was tested 3 times in alternating fashion. Any withdrawal was considered a positive response [79] .
Immunohistochemistry and imaging
Staining of paraffin-embedded DRG and spinal cord sections was performed by a standard fluorescent protocol, as previously described [82] . In brief, 5 μm-thick sections were de-paraffinized in xylene and rehydrated through graded alcohols, and treated by heat-induced epitope retrieval in 10 mM citrate buffer, pH 6.0-7.0 (depending on the antibody used). Sections were first immunolabeled with the selected primary antibodies overnight at 4°C ( Table 1 ). The specificity of the rabbit polyclonal Ca V 2.2α1b antibody (Atlas Antibodies, Stockholm, Sweden), which is raised against a synthetic peptide corresponding to human Ca V 2.2α1b (amino acids 1857-1950 that has 94% identity to rat Ca V 2.2α1b sequence) has been validated showing identification of neuronal Ca V 2.2α1b immunopositive profile in DRG by a previous publication [83] . The specificities of the other antibodies used in this study have been previously confirmed and illustrated the specificities of antigens detection [29, 31, 82] . All antibodies were diluted in 1× phosphate buffered saline (PBS), containing 0.05% Triton X-100 and 3% bovine serum albumin (BSA). Normal immunoglobulin G (IgG from same species as the first antibody, Table 1 ) was replaced for the first antibody as the negative controls. The appropriate fluorophore-conjugated (Alexa 488 or Alexa 594, 1:2000) secondary antibodies (Jackson ImmunoResearch, West Grove, PA) were used to reveal immune complexes. The sections were washed three times 5 min each with PBS containing 0.05% tween-20 between incubations. To stain nuclei, 1.0 μg/ml Hoechst33342 (Hoechst, ThermoFisher) was added to the secondary antibody mixture. The sections were examined and images acquired on a Nikon TE2000-S fluorescence microscope (El Segundo, CA), equipped with an Optronics QuantiFire digital camera and acquisition software (Ontario, NY), as well as filters suitable for selectively detecting the green, red and blue fluorescence. For each comparative experiment, all images were acquired with identical settings for detector gain and under a 10× objective (0.5 numerical aperture at 2048 × 2048 pixel resolution) or 20× objective (0.3 numerical aperture at 1024 × 1024 pixel resolution). Some IHC images were captured under a Nikon C1 digital eclipse confocal microscope. For double-label colocalization, images from the same section but showing different antigen signals were overlaid. Ca V 2.2α1b immunofluorescent intensity was quantified and compared between the ipsilateral and contralateral sides in the dorsal horn of lumbar spinal cord cross sections from control and TNI animals using ImageJ as described previously [31] . In brief, the fluorescence intensity values of ipsilateral and contralateral sides were acquired along a line positioned between the dorsal root entry zone (DREZ), defining the entry surface of primary afferent into the spinal cord [84] , and the central canal in the contralateral and ipsilateral sides of the section (Line scan function, scan width 100 pixels in width and 500 μm in length). The peak intensity across the full length of this line was then determined for each section. The average peak intensity of Ca V 2.2α1b staining in the DH was compared between the ipsilateral and contralateral sides.
Immunoblots
The lysates from tissues and cultured cells were extracted using 1× RIPA buffer (20 mm Tris-HCl pH 7.4, 150 mm NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, with 0.1% Triton X100 and protease inhibitor cocktail). To examine the subcellular localization of the target protein, DRG tissues were fractionated to obtain sodium/ potassium-ATPase (NKA1α) enriched plasma membrane and NKA1α-eliminated cytosol fractions using the ProteoExtract Subcellular Proteome Extraction Kit (Millipore), which contains extraction buffers with ultra-pure chemicals to ensure high reproducibility, protease inhibitor cocktail to prevent protein degradation and benzonase nuclease to remove contaminating nucleic acids, according to the manufacturer's instructions. Protein concentration was determined by using the Pierce BCA kit (ThermoFisher). Equivalent protein samples were size separated using 10% or 4-20% SDS-PAGE gels (Bio-Rad Laboratories, Des Plaines, IL), transferred to 0.22 μm nitrocellulose membranes, and blocked for 1 h in 5% skim milk. The blots were subsequently incubated overnight at 4°C with appropriate antibodies. To verify the band specificity of Ca V 2.2α1b detection using a rabbit Ca V 2.2α1b antibody, the antibody solution was preincubated with the specific Ca V 2.2α1b antigenic peptides (5 μg/ml, Atlas antibodies) for 2 h prior to immunoblotting. Immunoreactive proteins were detected by Pierce enhanced chemiluminescence (ThermoFisher) after incubation for 1 h with HRP-conjugated second antibodies (1:5000, Bio-Rad). Densitometry of bands of interests was analyzed using ImageJ v.1.46. Ratios of the band density of the target proteins to the sum of Tubb3 and NKA1α band density were calculated and the percentage changes of target proteins in the experimental samples compared with those from the control samples [83, 85] .
In vivo recording of DH neuron activity
Rats were initially anesthetized with 2% isoflurane, and then were injected with 1.2 g/kg urethane subcutaneously. During recording, the isoflurane will be discontinued or run at levels of ≤0.2% such that the rats will remain immobile but metabolically and hemodynamically stable, which are confirmed by arterial blood analysis with a blood gas analyzer (ABL800FLEX, Radiometer, Copenhagen, Denmark), and continuous blood pressure was monitoring via a carotid artery PE-10 cannula. A heating pad was used to maintain body temperature at 37°C. For extracellular DH neuronal recordings, a laminectomy was performed from the T13 to the L3 vertebrae to expose the mid-lumbar spinal cord, and a stabilizing stereotaxic clamp was applied to the spinal process rostral to the exposure. The dura was opened, and the cord was covered in warm mineral oil. A single barreled glass micropipette filled with solution containing KCl (2 mM) was advanced into the spinal cord using a microdrive, targeting lamina IV to VI of the L4 to L5 level at depths of 400-700 μm from the cord surface. Wide dynamic range neurons that responded to nonnoxious and noxious stimulation in a graded manner were selected for study. Sequentially, the ipsilateral hindpaw was stimulated using a standard set of graded von Frey fibers applied for 1 s to determine the threshold for response to punctate mechanical stimulation, then stroking with a brush to evoke dynamic mechanical stimulation, then application of von Frey fibers modified by attaching uniform tungsten tips (0.1 mm) to identify the threshold for response to noxious mechanical stimulation, then application of a 26 g von Frey fiber (tip diameter 1.1 mm) for 10 s to determine firing rate, then application of a 16 g modified von Frey fiber (tip diameter 0.1 mm) for 10 s to determine firing rate, then application of a Dieffenbach bulldog clamp for 10 s to determine firing rate during deep mechanical stimulation. Electrophysiological signals were collected with an Axon Axoclamp 900 A microelectrode amplifier (Molecular Devices, San Jose, CA), filtered at 1 kHz, and sampled at 10 kHz using a digitizer (DigiData 1440 A). Action potentials were isolated by setting the threshold above background noise, and individual units were identified by template matching using Spike2 (Cambridge Electronic Design Limited, Cambridge, UK) or pClamp 11 (Molecular Devices).
Statistics
Statistical analysis was performed with GraphPad PRISM 6 (GraphPad Software, San Diego, CA). Behavioral changes over treatment baseline and between groups for von Frey measurements were generated using repeated measures twoway ANOVA and post-hoc analysis with Bonferroni test. Pin and cold test results in discrete numerical data without normal distribution so conservative nonparametric analysis were performed by Friedman's test for analysis of variance and Dunn's test for post-hoc analysis. The differences of the targeted gene expression by immunoblots and ImageJ line analysis were compared with one-way ANOVA, two-tailed unpaired t-test. Results are reported as mean and standard deviation of mean (SEM). For electrophysiological data, the effect of nerve injury by TNI was determined by comparison to findings in naïve animals with Mann-Whitney nonparametric t-test, and the effect of the two vectors was compared to non-injected TNI animals using nonparametric Kruskal-Wallis ANOVA with Dunn's test for paired comparisons. p < 0.05 were considered statistically significant.
